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Abstract
, Bin Chen
This emergy-based four angle model application is used to depict the variations of urban metabolic profile (energy and money) 
based on the changes experienced across the economic sectors over the years. The urban metabolic structure and efficiency
results obtained for Beijing are compared to those for other European cities. In addition, for the Beijing’s case, the study creates 
the foundation for a future analysis comparing the development of Beijing with that of Rome. The results imply that over three 
decade Beijing’s urbanizing movement has greatly promoted the sustained development of the real estate and growth of urban 
household. The results also indicate that the emergy-based four angle model can be refined to become an integrative tool for 
evaluation, policy-making and regulation for ecosystem management concerning structure and efficiency at urban levels.
© 2011 Published by Elsevier Ltd.
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1. Introduction
As the center of population and human activity, a city is also the center of the flow of materials. A city gathers 
resources of all kinds from near and far. Other material is transformed within a short time and its residues discarded. 
Though waste is seldom disposed of within the urban area itself, it generally moves a much shorter distance than the 
distance from which their progenitors were acquired. Cities are great at attracting resources but weak in dispersing
them. The metabolism of a city is a relatively new area of study, one where much more data need to be gathered 
before meaningful results can be derived [1-3].
The concept of urban metabolism was first developed by Wolman [4]. He viewed the urban environment as an 
ecosystem and began measuring its metabolic activities. That was the time when air and water quality was 
deteriorating rapidly in many American cities. Wolman used the national usage rates of water, food and fuel with the 
production rates of sewage, waste and air pollutants to derive per capita inflow and outflow the rates for a 
hypothetical American city of one million people [5]. Wolman’s top-down approach to determining material flow, 
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even with the omission of some inputs such as infrastructure materials, electricity and other durable goods helped to 
focus attention on the system-wide impacts of the consumption of goods and the generation of wastes within the 
urban environment.
A number of scholars built on Wolman’s ideas by treating cities as if they were organisms, and analyzing the 
processes and mechanisms that formed their metabolism [2,6,7]. Other scholars have used this evolving theory to
study the metabolisms of Sydney [8], Hong Kong [6], Taiwan [9,10], Manchester [11], Shanghai [12], Paris [13],
Toronto [14], Beijing [15]. Methods of studying urban metabolism include material-flows accounting and energy 
flows accounting. In the present study, we employed emergy analysis, one of the energy accounting methods. The 
method can bridge the gap between socioeconomic development and protection of the environment that sustains the 
development [16], and can provide a single unit of measurement that accounts for material, energy, and monetary 
flows within the urban metabolic system and between this metabolic system and its surrounding environment [17].
From the review of the literature, it can be seen that the model of urban metabolism has been used by engineers 
(e.g., civil engineers and mechanical engineers), urban planners and system ecologists. Interestingly, a 
thermodynamic approach to urban metabolism models has been put forward by system ecologists [18]. This 
approach quantifies the flows of embodied energy, which is defined as the total amount of energy needed directly 
and indirectly to make any goods or services [19]. Indices and ratios based on embodied flows can be calculated and 
used to evaluate different types of systems [20]. This concept is adapted in this paper; thus, the study will be focused 
upon embodied energy perspective rather than a full urban metabolism model.
2. Conceptual model
Fig. 1 for urban ecological economic system in China follows the typical diagram of a city with the major emergy 
flows reflecting the detailed situation of urban economy involved [21]. The large rectangle defines the boundaries of 
the urban ecosystem under study. The primary transformation processes can be found in the agriculture and forests 
sectors. The social-economic system contains industry, commerce, transport and waste treatment, in which human, 
government and buildings are storages.
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Fig.1. Emergy flow system diagram of a typical urban metabolic system
Every economic process generates useful products and undesired impacts at the same time. Following Ulgiati et 
al. [22] and Ulgiati and Brown [20], additional emergy cost terms should be included in order to account for (a) 
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dilution and abatement of emissions by natural processes, (b) abatement, uptake and recycle of emissions by means 
of technological devices, (c) repair of damages to human-made assets by means of maintenance activities, (d) 
reversible and irreversible damages to natural capital (e.g.: loss of biodiversity), and finally (e) reversible and 
irreversible damages to human health. As a consequence, the total emergy cost U (U = used) can be calculated as:
U = R + N +F + F1 +…+Fn                                                                             (1)
where R and N are respectively the locally renewable and nonrenewable emergy resources, F is the emergy of 
imported goods and commodities (including their associated services) and where the Fi terms include the 
environmental or human-driven emergy investments (F=feedback) needed to prevent or fix the damages occurred 
and charged to the process:
In this study, a four-angle representation is proposed to illustrate the structure and efficiency of urban system, in 
which the three variables (including emergy throughput (U), GDP and population) are mapped to correlate which 
each others. The positive x axis and positive y axis represent the U (emergy throughput) and GDP respectively. Both 
the negative x and y axis represent the population. Thereafter, by intersecting each variable with the other, four 
angles illustrated as the Į, ȕ and Ȗ angles are formed. The Į equals emergy/dollar rate, which reveals the urban 
metabolic rate by providing effective indicates of the living standard for local residents. The higher the ratios, the 
more the emergy which can be enjoyed by the local residents, thus indicating a higher living standard. The ȕ is GDP 
per person, revealing economic intensity, while the Ȗ means emergy used per capita, which measures ‘consumption’ 
in a way that provides a better approximation of emergy intensity. 
3. Case study
Beijing, located at the eastern edge of the Eurasian continent and belonging to the Bohai sea rim economic circle, 
has been an important city since ancient times. After the Yuan Dynasty, Beijing started its history of more than 600 
years as the Capital City of China, which established the special economic structure and the unique cultural features 
of Beijing. With several adjustments of its administrative divisions after 1949, Beijing presently includes 16 
divisions and 2 counties with the area of more than 16410.54 km2. Major rivers flowing through the municipality 
include the Yongding River and the Chaobai River, part of the Hai River system, and flow in a southerly direction. 
Beijing is also the northern terminus of the Grand Canal of China which was built across the North China Plain to 
Hangzhou. Miyun Reservoir, built on the upper reaches of the Chaobai River, is Beijing's largest reservoir, and 
crucial to its water supply. According to the statistics from spot check on population changes, the permanent 
residents in Beijing totaled 17.4 million at the end of 2007. Beijing is China’s second largest city, after Shanghai, 
and is also a major transportation hub, with dozens of railways, roads and motorways passing through the city. 
Recognized as the political, educational, and cultural center of China, Beijing has a fully integrated industrial 
structure, covering electronics, machinery, chemicals, light industry, textile and car manufacturing. Beijing is 
amongst the most developed cities in China with tertiary industry accounting for 71.3% of its GDP, making it the 
first post industrial city in mainland China. Financial industry is one of the most important industries of Beijing. 
High tech and modern manufacturing industries have become the leading forces of Beijing’s industrial growth.
4. Results
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Fig.2 Four angles representation for Beijing 1999-2006
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The result illustrates that what is really happening in Beijing is a dramatic increase in the GDP during these 
periods, which results in a surge of the total emergy use in the economic system. During the same period, the total 
population increased from 1.26E+7 in 1999 to 1.58E+7 in 2006. Compared with the economic system of Roma in 
2002 [23], Beijing has a larger scale of the economy especially after 2004 during the long-term strategic principle 
for China's economic development. However, although Į decreased rapidly from 1.18E+13 seJ/$ in 1999 to 
7.47E+12 seJ/$ in 2006 during these periods, it was still over 3 times larger than that of Roma (1.81E+12 seJ/$ in 
2002). The decrease of this ratio is great considering the population in Beijing increased by 1.25 times in the same
period. Obviously, this result accurately portrays a genuine picture of the current Beijing. Since 1999, real estate 
industry, serving as a pillar industry in national economy, has played an important role in promoting Beijing’s 
economic development and GDP’S growing. According to recent research results, investment for real estate use is 
nearly 25% of fixed capital annual from 1999 to 2009, and revenue and contribution from it is more than 10% of 
GDP. Over the past three decades, Beijing’s urbanizing movement has greatly promoted the sustained development 
of the real estate and growth of urban household. Meanwhile accelerating the progress of urbanization also improves 
the rapid development of real estate and increase the number of urban household. During the processing, total 
society fixed capital investment also experience the same circulation.
5. Conclusion
The emergy-based four-angle model is a noncartesian representation, in which the population variables across 
two levels are mapped to correlate to the flow variables (emergy throughput or GDP) across two same levels as seen 
in a figure. This study lays the foundation for future analysis comparing the development of Beijing with that of 
Rome. The results imply that over the past three decades, Beijing’s urbanizing movement has greatly promoted the 
sustained development of the real estate and growth of urban household. The results also indicate that the emergy-
based four-angle model can be refined to become an integrative tool for evaluation, policy-making and regulation 
for ecosystem management concerning structure and efficiency at urban levels.
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